INTRODUCTION
Surfactant calcium salts are useful additives in the cosmetic field. For example, calcium stearate is used to increase lubricity and flowability of powder cosmetic 1, 2 .
Also, since acylated amino acid metal salts having a lamellar structure are excellent not only in lubricating properties but also in water repellency, they are blended as body pigments in makeup cosmetics. Recently we have found that most of these water-insoluble substances show bactericidal properties. We reported that calcium palmitolate shows selective bactericidal activity against Staphylococcus aureus S. aureus and Propionibacterium acnes P. acnes 3 , while calcium linoleate shows bactericidal activity against Staphylococcus epidermidis S. epidermidis in addition to S. aureus and P. acnes 4 . Furthermore, it was revealed that the type of metal bonded to fatty acid is also an important factor affecting selectivity 5 .
On the other hand, many researchers have reported that pH influences the physical and physiological properties of surfactants. For example, since fatty acid sodium salt is hydrolyzed to fatty acid under acidic conditions, the solubility in water is extremely low 6 . Many amino acid-type amphoteric surfactants show high solubility in water under acidic and alkaline conditions, but a precipitate is formed near the isoelectric point 7 . The pH also affects bactericidal properties. For example, sorbic acid inhibits the growth of bacteria under low pH conditions, while chlorine dioxide shows high bactericidal activity under high pH conditions 8, 9 .
In addition, fatty acids were also well known pH-dependent. Short-chain fatty acids are more active at low than at higher pH 10 . Galbraith et al. reported that the bactericidal activity of lauric acid decreased with increasing pH value but that of myristic acid and palmitic acid increased 11 .
However, the effect of pH on the bactericidal activity of the surfactant calcium salt is largely unknown. In this study, bactericidal properties of calcium laurate against S. aureus, S. epidermidis, and P. acnes were evaluated in phosphate-citrate buffer at pH 5.0, 6.0, and 7.0.
Preparation
Calcium laurate was prepared by the method reported in reference 3 . First, 0.01 mol of lauric acid was added to 100 ml of 50wt ethanol aqueous solution, and the mixture was stirred using a magnetic stirrer while heated in a constant temperature bath. Next, 2.0 mL of 5.0 mol L 1 sodium hydroxide aqueous solution was added and stirred for 5 minutes, then a solution of 0.0055 mol of calcium chloride dihydrate dissolved in 5.0 g of 50wt ethanol aqueous solution was added and stirred for 10 minutes. The resulting white turbid solution was suction filtered, and the precipitate was recovered. The precipitate was dispersed in about 100 mL of ion exchanged water and stirred in a constant temperature bath at 40 for about 5 minutes. Then, suction filtration was performed again, and the precipitate was recovered. Further, the obtained precipitate was dispersed in about 100 mL of acetone, stirred at room temperature 25 for 5 minutes, and the precipitate was collected by suction filtration. The obtained precipitate was dried in a vacuum dryer for one hour followed by 12 hours or more in a dryer at 40 to obtain white powder. We checked the composition of the obtained material by elemental analysis.
Bactericidal evaluation
The obtained powder was evaluated for bactericidal activity against S. aureus, S. epidermidis, and P. acnes. 50 μL of fungal solution, 100 mg of calcium laurate and 50 μL of 2wt ethanol solution were added to 10 mL of sterilized 50 mM phosphate-citrate buffer pH 5.0, 6.0, or 7.0 , and suspended. The concentration of bacteria in this suspension was 5.5 0.2 log colony forming units CFU mL 1 . The resulting reaction solution was smeared on SCDLP agar plates. The numbers of bacteria after 1, 3, and 24 hours were evaluated.
RESULTS
The evaluation result of bactericidal activities of calcium laurate in a buffer solution of pH 6.0 is shown in Fig. 1 . By addition of calcium laurate, S. aureus present at 5.5 0.5 log CFU mL 1 decreased to 2.1 1.8 log CFU mL 1 average standard deviation after 1 hour and 0.1 log CFU mL 1 after 3 hours. In addition, the number of bacteria of the P. acnes present at 5.8 0.1 log CFU mL 1 decreased to 4.3 0.4 log CFU mL 1 after 3 hours and 0.1 log CFU mL 1 after 24 hours by addition of calcium laurate. On the other hand, the number of S. epidermidis was 4.8 0.2 log CFU mL 1 even 24 hours after the addition of calcium laurate.
These results confirm that calcium laurate has selective bactericidal properties to more effectively reduce S. aureus and P. acnes. The changes of log CFU were larger than those when the calcium laurate was not added in buffer.
The effect of pH on the bactericidal activity of calcium laurate against S. aureus is shown in Fig. 2 . In the pH 7.0 buffer, the decreasing rate of 5.7 0.2 log CFU mL 1 bacteria immediately after the addition of calcium laurate was slow, and the number of bacteria after 24 hours was 4.9 0.4 log CFU mL 1 . Unlike the case of pH 7.0, in the case of pH 6.0, it was decreased to 2.1 1.8 log CFU mL 1 and 0.1log CFU mL 1 after 1 and 3 hours, respectively. At pH 5.0, it decreased to 1.6 1.4 log CFU mL 1 after 1 hour and 0.1 log CFU mL 1 after 3 hours. These results demonstrate that calcium laurate reduces S. aureus more rapidly at lower pH. The effect of pH on the bactericidal activity of calcium laurate to P. acnes is shown in Fig. 3 . At a pH of 7.0, some of the 5.8 0.1 log CFU mL 1 bacteria that existed immediately after the addition of calcium laurate were died, but 4.6 0.2 log CFU mL 1 still existed even after 24 hours.
However, when the pH was 6.0, it became 5.4 0.2 log CFU mL 1 after 1 hour, 4.3 0.4 log CFU mL 1 after 3 hours, and decreased to about 0.1 log CFU mL 1 after 24 hours.
At pH 5.0, it decreased to 4.2 0.7 log CFU mL 1 after 1 hour and 0.7 1.1 log CFU mL 1 after 3 hours and 0.1 log CFU mL-1 after 24 hours. These results indicate that the bactericidal activity of calcium laurate against P. acnes 
Effect of pH on Bactericidal Activities is higher as pH is lower, like S. aureus.
The effect of pH on the bactericidal activity of calcium laurate against S. epidermidis is shown in Fig. 4 . At a pH of 7.0, almost all 5.7 0.1 log CFU mL 1 bacteria that existed immediately after the addition of calcium laurate survived, and 5.1 0.0 log CFU mL 1 were present even after 24 hours. Even when pH was 6.0, more than 5.6 0.1 log CFU mL 1 bacteria were present after 1 hour and 3 hours, and slightly decreased to 4.8 0.2 log CFU mL 1 after 24 hours. At a pH of 5.0, the number of bacteria became 4.7 0.3 log CFU mL 1 after 1 hour, 4.2 0.5 log CFU mL 1 after 3 hours, and 3.2 0.4 log CFU mL 1 after 24 hours. These results demonstrate that calcium laurate shows extremely weak bactericidal activity against S. epidermidis at pH 6.0 or 7.0, but it shows clear bactericidal activity at pH 5.0. It was revealed that calcium laurate shows pH selective bactericidal activity only at pH 6.0 and 7.0, and it kills all bacteria at pH 5.0.
DISCUSSION
The bactericidal activity of calcium laurate is thought to be manifested both by the action of trace components formed by dissolution of calcium salts in water and direct action on calcium salts against bacteria. Calcium laurate is dissolved in water at 4.2 10 5 mol L 1 12 . Part of calcium laurate dissolved in water turns into lauric acid due to dissociation of calcium ions. Fatty acids are known to increase fluidization of cell membranes and sterilize by acting on ion channels, enzymes and DNA 13 16 . Therefore, it is highly
likely that lauric acid also shows physiological activity by either of these pathways. It is considered that pH-dependent bactericidal activities observed in this study are related to the difference in the degree of lauric acid dissociation in water. Yamamoto. et al. stated that under low pH conditions, bactericidal activity increases as the proportion of non-dissociated organic acids increases 17 . This is because non-dissociated organic acids penetrate into the lipid bilayer on the bacterial surface more easily than dissociated organic acids and are likely to invade inside the cells. When a non-dissociated organic acid enters a microbial cell, it again becomes dissociated to reduce the pH in the bacterial body and lower the activity of the enzyme to develop bactericidal properties 18 20 .
The apparent pKa of lauric acid is 7.5 21 . Thus, non-dissociated molecules decrease at higher pH. Improved bactericidal properties against S. aureus, S. epidermidis, and P. acnes tested in this study are the result of an increase in non-dissociated lauric acid due to the decrease in pH.
On the other hand, it is conceivable that calcium laurate exerts a physiological activity directly on bacterial membrane. As described above, it is known that bactericidal activity caused by fatty acids is expressed by an increase in the fluidity of cell membrane 13 16 . However, there is a possibility that calcium salts are directly adsorbed on cell membrane, and thereby improve fluidity and bactericidal activities. It has been reported that the solubility of calcium laurate decreases as pH decreases 22 . Therefore, the degree of dissociation for calcium laurate as well as lauric acid is considered to decrease. Therefore, we believe that calcium laurate penetrates into the inside of cells more easily when pH is lowered, possibly improving bactericidal activity.
CONCLUSIONS
Calcium laurate was prepared and its bactericidal activities were evaluated to clarify the influence of soap containing lauric acid, which is contained in general purpose soap, on bactericidal activities after washing. Calcium laurate showed selective bactericidal activity against S. aureus and P. acnes. These results suggest that adding fats and oils containing lauric acid to facial cleansing soap and leaving calcium laurate on the skin is extremely effective in terms of bactericidal activities after washing.
Phase behaviors of calcium laurate in buffer and dynamic behavior in the dissociation process may affect antibacterial activity. However, since solubility of calcium laurate is extremely low, we could not quantitatively evaluate these phenomena in this study. In addition, the mechanism of selective bactericidal activity is unclear now. Some researchers showed that the antibacterial activities of fatty acids are caused by the inhibition of amino acids uptake 23 , the fluidization of the bacterial inner membrane 24 , the inhibition of ATP synthesis 25 , and the inhibition of enzyme activity 15 . In future, we would like to solve this problem based on research from various viewpoints.
